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Reversible protein phosphorylation is
the most common mechanism for cel-

lular regulation in eukaryotic systems.
Studies have demonstrated that serine�
threonine phosphorylation plays a key
role in the regulation of plant growth and
development. On the other hand, tyrosine
phosphorylation, despite its overwhelm-
ing importance in ani-
mals, has been largely
neglected because a typ-
ical tyrosine kinase was
not found in plants. Re-
cent studies have charac-
terized several protein
tyrosine phosphatases
(PTPs) from Arabidopsis
and other species (1–3).
Furthermore, a diverse group of about 20
genes encoding putative tyrosine phos-
phatases have been identified from the
Arabidopsis genome, implying that ty-
rosine phosphorylation and dephosphor-
ylation may serve important functions in
plant biology. It is timely and exciting to
learn in this issue of PNAS that tyrosine
phosphatase activity is involved in the
regulation of stomatal movement, a highly
regulated process pivotal for plant sur-
vival (4). Finding a role for tyrosine phos-
phatases in stomatal regulation provides
critical evidence that tyrosine phospha-
tases not only exist but also play an im-
portant role in higher plants. This work,
together with those of others, begins to
modify the earlier tenets on tyrosine phos-
phorylation in plant cell signaling and
regulation.

Considerable differences are apparent
when animals and plants are compared
regarding protein phosphorylation in sig-
nal transduction. It is well established that
both Ser�Thr and tyrosine phosphoryla-
tion play pivotal roles in cell signaling in
animals. In particular, protein-tyrosine
phosphorylation serves as a common
mechanism by which growth factors and
cytokines regulate cellular proliferation
and differentiation in animals (5–7). The
level of tyrosine phosphorylation in nor-
mal cells is determined by the balanced
activity of protein tyrosine kinases (PTKs)
and PTPs. Even the slightest tipping of
this balance may result in cancer or ab-
normal cell death. As a result, a typical
animal cell expresses a large number of

PTKs and PTPs to fine-tune cellular pro-
liferation�differentiation. In contrast,
available information indicates that plants
produce a large number of Ser�Thr ki-
nases�phosphatases that function in plant
signal transduction and regulation, but a
typical tyrosine kinase has not yet been
characterized from a plant species. Inter-

estingly, bona fide ty-
rosine-specific protein
phosphatases do exist in
plants (1, 3). In addition,
plants, like animals,
produce a large number
of protein phosphatases
that dephosphorylate
phosphoserine�threonine
in addition to phosphoty-

rosine, so-called dual-specificity protein (ty-
rosine) phosphatases (DsPTPs or DSPs)
(2). The DsPTPs have been shown to reg-
ulate the mitogen-activated protein kinases
(MAPKs) in a variety of signal transduction
pathways in both animals and yeast. Because
a large number of MAPKs have also been
found in plants, PTP�DsPTP regulation of
MAPKs could become a common ground
where tyrosine phosphorylation�dephos-
phorylation regulates cellular activities in
the different eukaryotic systems. Recent
studies have confirmed that this is indeed
the case.

MAPKs are activated after mitogen
stimulation or environmental stress in
mammalian cells (8). At the molecular
level, MAPK activation relies on phos-
phorylation of both tyrosine and threo-
nine residues. A variety of DsPTPs exhibit
activity toward activated MAPK isoforms
both in vitro and in vivo (9). In each
instance, dephosphorylation of a MAPK
by a DsPTP leads to loss of kinase activity.
It is interesting that multiple DsPTPs can
be found in a given cell type as are mul-
tiple MAPKs. Studies have shown that
each isoform of DsPTPs may dephosphor-
ylate and regulate only one or two
MAPKs, a substrate specificity that is
closely related to the function of different
PTPs, and therefore are referred to as
MKPs (for MAP kinase phosphatases)
(9). Almost all signaling pathways are
turned on transiently and need to be
turned off rather quickly after the activa-
tion. This is reflected by the activation
pattern of MAPKs as well. A signal acti-

vates a MAPK rapidly (often reaching
peak activity within a few minutes), and
the MAPK activity subsequently returns
to the basal level to quench the signaling
process. It should be emphasized that such
transient on-and-off switching is very im-
portant for the physiological process reg-
ulated by MAPKs. Prolonged or constant
activation of a MAPK cascade can have
detrimental consequence to the cell as
best illustrated by tumorigenesis in mam-
malian cells that have MAPK constantly
on (10). In budding yeast, the Hog1 path-
way is required for osmotic stress toler-
ance, yet a constant MAPK activity of
Hog1 actually renders yeast hypersensitive
to the stress condition (11). Needless to
say, protein phosphatases, especially
PTPs and DsPTPs, play a critical role in
turning off the activity of MAPKs and
are essential for keeping the precise
kinetic pattern of MAPK activation and
inactivation.

Perhaps the first blow to the current
paradigm that tyrosine phosphorylation is
not important in plant cells comes from
the finding of MAPK cascades in numer-
ous signal transduction pathways in plants
(reviewed in refs. 12–15). Included are
those pathways responsible for transmit-
ting biotic and abiotic stress and hormonal
signals. Consistent with the diversity of
MAPK functions, a large number of genes
in the Arabidopsis genome have been iden-
tified to encode components in the
MAPK cascades including MAPKs (about
20 genes), MAPKKs (10 genes), and
MAPKKKs (�25 genes) (14, 15). A
unique feature of MAPK activation in
animal and yeast cells is dual phosphory-
lation at a closely spaced pair of threonine
and tyrosine. Earlier studies have shown
that activation of plant MAPKs also cor-
relates with phosphorylation of tyro-
sine residue(s). A detailed biochemical
analysis confirms that a plant MAPK
(AtMPK4) is phosphorylated at a tyrosine
residue during activation process (16). De-
phosphorylation of the phosphotyrosine
by AtPTP1, a tyrosine-specific PTP from
Arabidopsis (1), resulted in the loss of
MAPK activity. This study demonstrates
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that tyrosine phosphorylation is essential
for the activation of plant MAPKs (16).

Because tyrosine phosphorylation of
MAPKs is required for activation of the
kinase, dephosphorylation of the tyrosine
residue often occurs to bring the enzymes
back to the inactive state and turn off the
signaling process. As discussed earlier,
such an on-and-off pattern is essential for
physiological function of these kinases in
animal and yeast. It is conceivable that
tyrosine-specific and dual-specificity
PTPs in plants function to regulate the
activation pattern of MAPKs and possibly
other target proteins in these organisms
(1–3). In vitro biochemical analysis of
AtPTP1 and AtDsPTP1 confirmed that
they both dephosphorylate and inactivate
MAPKs (2, 16). Following these studies,
genetic analyses have demonstrated a
physiological link between MAPK activa-
tion and PTP activity. In one such study
(17), screens for UV light-sensitive mu-
tants in Arabidopsis led to identification of
a putative DsPTP, named AtMKP1, re-
quired for UV resistance. The mutant
plants appear to have higher MAPK ac-
tivity under UV illumination, implicating
MKP1 as a negative regulator of
MAPK(s) in UV response (17). Consis-
tent with the in vitro studies, AtPTP1 is
essential for maintaining the activation
and inactivation pattern of a MAPK in
Arabidopsis (R. Gupta and S.L., unpub-
lished data). Although it remains to be
determined whether AtDsPTP1 and other
DsPTPs play a role in MAPK activity
control in planta, there is little doubt that
MAPK regulation serves as a major target
for PTP function in plants as well as
animals and fungi.

Besides providing evidence for PTP
function in plant signal transduction in
general, the study by MacRobbie (4) has
identified a critical component in the reg-
ulatory circuit of ionic fluxes across the
tonoplast during turgor regulation in
guard cells. It is well known that stomatal
closure is a result of solute (especially K�)
eff lux from the guard cells that form the
stomata. More than 90% of solutes in
guard cells are stored in the large central
vacuole that serves as a predominant com-
partment for turgor control (18). To re-
duce the turgor pressure of guard cells and
close the stomata, a large portion of sol-
utes needs to be delivered from the vac-
uole to the cytosol across the tonoplast
and finally exported out of the cell
through ion channels in the plasma mem-
brane. Our understanding of plasma
membrane ion channels and their regula-
tion by signals such as abscisic acid (ABA)
has improved significantly in the past de-
cade (reviewed in refs. 19 and 20). How-
ever, rather limited progress has been
made in the understanding of ion fluxes
across the tonoplast. Using radioactive

tracer flux assays, MacRobbie has contrib-
uted significantly to our knowledge on K�

f lux across tonoplast during stomatal clo-
sure caused by ABA and other stimuli
(ref. 4 and references therein). In partic-
ular, it has been shown that ABA triggers
a large transient eff lux of K� from the
vacuole to the cytosol, increasing the K�

pool in the cytoplasm. This vacuole-
cytosol K� redistribution closely parallels
the ABA-induced activation of outward
K� channels in the plasma membrane.
Both processes contribute to the K� ex-
port out of the cell and reduction of guard
cell turgor leading to stomatal closure.
From ABA to the activation of K� efflux
from vacuole, intermediate signaling com-
ponents are largely unknown except for
calcium changes that serve as a second
messenger for ABA and activate K� ef-
f lux channels in the tonoplast (18). It
remains unclear how calcium plays such a
role.

Using several specific PTP inhibitors,
MacRobbie (4) demonstrates that PTP
activity is essential for stomatal closure
induced by four different factors including
ABA, external calcium, darkness, and
H2O2. Clearly, each of these factors may
cause changes in intracellular calcium ho-
meostasis that, in turn, alter the K� chan-
nel activity in both plasma membrane and
tonoplast (18). It is well known that ABA

signaling in guard cells involves a calcium-
dependent pathway (19, 20). H2O2 has
been shown to serve as a downstream
messenger for ABA and activates an in-
ward calcium channel in the plasma mem-
brane of guard cells (19). Darkness elicits
calcium fluxes across chloroplast mem-
branes (21) that may also affect calcium
concentration in the cytosol. It is there-
fore possible that the PTP component lies
downstream from calcium and upstream
of K� channel activity in the plasma mem-
brane and tonoplast. The study by Mac-
Robbie (4) has identified efflux from vac-
uole, but not fluxes across the plasma
membrane, as the target process for the
PTP inhibitors, suggesting that a protein
specifically related to tonoplast K� chan-
nels is regulated by tyrosine phosphoryla-
tion and dephosphorylation (Fig. 1). As
discussed earlier, the major targets for
PTPs in plants are MAPKs that partici-
pate in numerous signaling processes. Sev-
eral previous studies have also shown that
MAPK activities are involved in stomatal
regulation (22, 23). However, MAPK does
not appear to regulate the ABA-induced
K� eff lux from vacuole, as a MAPK
inhibitor does not interfere with the pro-
cess (4).

What could be the target for the PTP
activity in ABA-induced K� f lux in guard
cells? An interesting parallel has been

Fig. 1. A simplified model of ABA-induced stomatal closure (see more detail in refs. 19 and 20). ABA
receptors are possibly located in the plasma membrane and�or the cytoplasm. ABA signal is transmitted
through calcium-dependent and calcium-independent pathways, leading to the regulation of ion channel
activities in the plasma membrane (PM) and tonoplast. A tyrosine phosphatase (PTP) appears to be located
downstream of calcium and regulates tonoplast K-channels responsible for K efflux from the vacuole.
Vacuole K efflux and PM channels contribute to turgor decrease, leading to stomatal closure.
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drawn between the leaf movement in Mi-
mosa and stomatal regulation in Com-
melina (4). A recent study (24) shows that
tyrosine phosphorylation status of actin
correlates with the leaf movement in Mi-
mosa. Tyrosine phosphatase inhibitors in-
cluding phenylarsine oxide used in Mac-
Robbie’s study (4) block the tyrosine
dephosphorylation of actin and leaf clo-
sure, suggesting that tyrosine dephosphor-
ylation of actin is essential for petiole
bending (24). Leaf movement, a classical
movement phenomenon in plants, is
driven mainly by K� f luxes in and out of
the motor cells located in the petiole of
small leaves. It is conceivable that tyrosine
phosphorylation of actin is somehow re-
lated to the regulation of K� f luxes in
motor cells—a PTP activity seems to be
upstream of a K� transport process re-
sembling the pathway in guard cells. How
is actin related to K� channel activity? In
guard cells, several studies have correlated
ABA effect on stomatal aperture with
actin organization. For example, ABA
treatment disrupts actin filaments, leading
to stomatal closure (25). In this process,

changes in actin organization may result
from altered activity of small G proteins
such as Rho-like AtRac1 in Arabidopsis
(26). One study shows that actin organi-
zation correlates with K� channel activity
in the plasma membrane (27). However, it
remains unknown how actin filament may
affect the activity of tonoplast K� chan-
nels. Besides actin, an actin-interacting
protein profilin has been shown to be
phosphorylated at tyrosine, although the
functional significance of this event is not
clear (28). It is known that MAPKs are
autophosphorylated and phosphorylated
by MAPKK at the tyrosine residue. One
intriguing question concerns the molecu-
lar nature of the kinase(s) that phosphor-
ylates actin and profilin at the tyrosine
residues. Are they tyrosine-specific ki-
nases or dual-specificity kinases? Iden-
tification of these kinases will open a
new area of research in plant signal
transduction.

In addition to actin cytoskeleton, a
more direct target for PTP function in
guard cells could be the tonoplast K�

channel itself. Recent studies in animal

cells have revealed the regulation of K�

channel activity by tyrosine phosphoryla-
tion of the channel protein. For example,
ROMK1 activity is down-regulated by in-
creased tyrosine phosphorylation status
(29). The PTP inhibitor phenylarsine ox-
ide (PAO) specifically reduces the activity
of ROMK1, implicating a PTP activity in
the up-regulation of ROMK1 (29). The
highly phosphorylated form of ROMK1 is
susceptible to dynamin-dependent endo-
cytosis that internalizes the channel pro-
tein and reduces the number of plasma
membrane channels. It remains to be de-
termined whether PAO reduces K� efflux
from vacuole in guard cells through re-
ducing channel activity or channel number
in the tonoplast (4). Nevertheless, finding
a PAO-sensitive process in stomatal reg-
ulation provides critical evidence that a
PTP(s) plays a role in a major signaling
network of plants. Further identification
of the target PTP and its substrates will be
important steps toward understanding the
signaling network for ABA-induced sto-
matal closure, a fundamental process for
plant adaptation to the environment.
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